Purpose: Ductal carcinoma in situ (DCIS) contributes to 20%-30% of newly diagnosed cases of breast cancer in China. Although the breast cancer-specific mortality of DCIS is extremely low, a small proportion of DCIS patients still show relapse or metastasis, leading to poor prognosis. Little is known about the molecular mechanism for DCIS metastasis, partly due to the limited number of poor prognosis patients. This study analyzed the clinicopathological features and screened key microRNAs (miRNAs) contributing to local or distant recurrence. Methods: The clinicopathological features of DCIS were evaluated and survival analysis were performed to clarify risk factors associated with poor prognosis. Using miRNA arrays and real-time quantitative polymerase chain reaction (RT-qPCR) on DCIS formalin-fixed and paraffin-embedded samples with or without microinvasion with different clinical outcomes, potential DCIS metastasis-related miRNAs were screened out and further validated. The influence of one identified miRNA, miRNA-654-5p, on DCIS progression was analyzed. Results: Poor prognosis was significantly associated with larger tumor size and higher lymph node metastasis rate (both p < 0.05). Both were independent prognostic factors for DCIS. According to RT-qPCR results, distinct miRNA expression profiles were identified between DCIS and DCIS with microinvasion (DCIS-Mi) patients. In the DCIS panel, miRNA-654-5p was significantly upregulated in the patients with poor prognosis. In vitro, miRNA-654-5p promoted MDA-MB-231 cell mobility in healing tests and metastasis in the Transwell study.
INTRODUCTION
Breast cancer is the most common cancer among all newly diagnosed female patients, and accounts for 15% of all new cases in China [1] . Among all breast cancer patients, approximately 15% to 20% of women are diagnosed as ductal carcinoma in situ (DCIS), and the prevalence of DCIS continues to increase due to the wide use of mammography screening in China [2, 3] .
DCIS is a type of preinvasive carcinoma with a long overall survival (OS). The 10-year survival rate exceeds 95% [4] , and few cases relapsed or progressed to invasive cancer, showing a poor prognosis. The molecular mechanism of DCIS progression is unclear, reflecting the limited data on patients with local or distant recurrence. Certain clinical and pathological factors, such as larger tumor size, necrosis, and positive margin status have been implicated as highrisk factors for disease progression [5] . A better understanding of the mechanism of DCIS progression would assist in the identification of high-risk DCIS at the time of diagnosis and help in decision-making concerning potential therapeutic strategies.
MicroRNAs (miRNAs) have essential roles in aspects of the malignancy of breast epithelial cells, including progression, cell invasion, and cell differentiation [6] . The regulation of miRNAs has been implicated in many cancer processes, in both tumor suppression and oncogenic progression [7] , including metastasis, metabolism, stem cell division, cell growth, differentiation and apoptosis. Approximately 30% of the human genome is regulated by miRNAs [8] . miRNAs contribute to invasive ductal carcinoma (IDC) formation and progression [9, 10] . However, the role of miRNA for DCIS progression is unclear.
The objective of this study was to screen out and identify high-risk miRNAs that contributed to local or distant recurrence of DCIS. Moreover, we analyzed the functional role of miRNA-654-5p in promoting cell invasion in DCIS.
METHODS

Patients and tissue samples
Approval for this study was granted by the Ethics Committee of West China Hospital of Sichuan University (IRB number: 2013-191) . DCIS was pathologically diagnosed by continuous section of tissue every 0.2 cm after examining the whole tumor area. Good prognosis was defined as no local nor distant recurrence during a follow-up of at least 60 months. Poor prognosis was defined as either local or distant recurrence during the followup period. The 316 DCIS patients were retrospectively reviewed from the medical records of Fourth Hospital of Hebei Medical University and West China Hospital of Sichuan University between 2000 and 2016, and between 1996 and 2015 . Disease-free survival was defined as the time from the date of the diagnosis to the earliest occurrence of all local, regional, or distant recurrences. OS was defined as the time from the date of the diagnosis of DCIS to death.
Three pairs of formalin-fixed and paraffin-embedded (FFPE) tissue obtained from good and poor prognosis cases of DCIS with or without microinvasion were used for microarray profiling. The FFPE samples for real-time quantitative polymerase chain reaction (RT-qPCR) were from 16 female DCIS patients (4 poor prognosis, 12 good prognosis) and 22 female DCIS with microinvasion (DCIS-Mi) patients (5 poor prognosis, 17 good prognosis) who underwent surgical resection for breast cancer from 2010 to 2017 at the Fourth Hospital of Hebei Medical University and the West China Hospital of Sichuan University. A flow chart of the screening design is shown in Figure 1 .
Microarray analysis
The microarray analysis for the miRNA profiling was performed at Kangcheng Technology (Shanghai, China) using the miRCURY LNA™ microRNA Array (v.19.0; Exiqon, Vedbaek, Denmark) . Total RNA for the miRNA microarray was isolated using TRIzol (Invitrogen, Carlsbad, USA) and purified with an RNeasy mini kit (QIAGEN, Duesseldorf, Germany) according to the manufacturers' instructions. RNA quality and quantity were measured using a NanodropND-1000 nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, USA) and the RNA integrity was determined by gel electrophoresis. After miRNA labeling, the samples were hybridized on the miRCURY LNA™ array. The slides were scanned using a GenePix 4000B microarray scanner (Axon Instruments, Foster City, USA).
Extraction of microRNA and real-time quantitative polymerase chain reaction
Total miRNA was isolated from the patient samples using the miRNeasy FFPE Kit (QIAGEN) and stored at −80°C or immediately used for subsequent reverse transcription. Reverse transcription was carried out using the All-in-One™ miRNA RT-qPCR Detection Kit (GeneCopoeia, Guangzhou, China) according to the manufacturer's instructions. Primers for all the miRNAs, U6, U44, and U47 were purchased from GeneCopoeia. Figure 1 . Flow chart of our study design. miRNA profiling was performed using a microRNA array analysis of three good prognoses and three metastatic cases from different patients. The selected metastasis related miRNAs (n = 5) in DCIS and DCIS-Mi in 2 independent sets of good and metastatic formalin-fixed and paraffin-embedded samples (4 metastatic and 12 nonmetastatic DCIS patients; 5 metastatic and 17 nonmetastatic DCIS-Mi patients) using qPCR. miRNA = MicroRNA; DCIS = ductal carcinoma in situ; DCIS-Mi = ductal carcinoma in situ with microinvasion; qPCR = quantitative polymerase chain reaction.
was extracted from the cells using TRIzol reagents (Life Technologies, Carlsbad, USA) and reverse-transcribed to cDNA using a reverse transcription reagents kit (Kangwei, Beijing, China). Primers for cell proliferation, migration and apoptosis were from Invitrogen. β-Actin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used for normalization. Each sample was analyzed in triplicate, and negative controls were included. Each sample was analyzed in triplicate.
Cell culture and transfection
MDA-MB-231 human breast cancer cells were maintained in Dulbecco's modified Eagle's medium (Hyclone, Logan, USA) containing 10% fetal bovine serum (FBS; PAN-Bio-tech, Adenbach, Germany) and 1× antibiotic antimycotic solution (Hyclone). Cells were incubated in a humidified atmosphere with 5% CO 2 at 37°C. Cell digestion with trypsin and subculture were conducted after the cells growth was 85% confluent upon microscopy examination.
Chemically synthesized of miRNA-654-5p analog mimics (GenePharma, Shanghai, China) were used to overexpress miRNA-654-5p. A negative control was included. MDA-MB-231 cells were transfected using Lipofectamine 3000 with the miRNA-654-5p mimic and negative control following the manufacturer's instructions when growth in the wells of a 6-well plate was 80% confluent. Successful transfection was ensured before the cells were used for RT-qPCR.
Wound healing and metastasis assays
A scratch was made at the axis of the well using a pipette tip after the transfected cells reached 60% to 80% confluency after 24 hours and were treated again with 2% FBS in dimethylsulfoxide. Images of MDA-MB-231 cells migration into the wound were captured at 0, 24, and 48 hours using an inverted microscope (40×). Each test was repeated in triplicate.
The metastasis assay was performed using Transwell chambers (Corning, Corning, USA). Briefly, the cells were trypsinized and resuspended in serum-free medium. Thereafter, 8 × 10 4 cells were added to the upper chamber, while the lower chamber was filled with medium containing 10% FBS. After incubation for 48 hours, the cells that traversed the coated membrane into the lower surface were fixed, stained, and counted using a microscope (40× and 100×). Each test was repeated in triplicate.
Western blotting analysis
All cells were seeded in 100-mm tissue culture dishes and harvested after transfection for 72 hours. Thirty micrograms of protein per lane were loaded and resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10%) and the resolved proteins were transferred to a polyvinylidene fluoride membrane. The membrane was blocked by 5% nonfat milk and probed with primary antibody overnight at 4°C. The antibodies and their dilution included mouse antiVimentin (1:2,000; ZENBIO, Chengdu, China), rabbit anti-Snail (1:500; Abcam, Cambridge, UK), and mouse anti-cadherin-1 (CDH1; 1:2,000; ZENBIO). Membranes were washed three times in Tris-buffered saline-Tween buffer and incubated for 60 minutes at room temperature with secondary antibodies. Each blots was washed again and developed using an enhanced chemiluminescence system (KeyGEN Biology Co., Ltd., Nanjing, China). Protein loading was normalized by blots with rabbit anti-GAPDH antibody (1:1,000; ZENBIO).
Immunofluorescence staining for F-actin
MDA-MB-231 cells were transfected with miRNA-654-5p mimics or negative controls after 24 hours and plated onto fibronectin-coated chamber slides and stained on day 3.
Cells were fixed in 4% paraformaldehyde and permeabilized in 0.05% Triton X-100 for 20 minutes. For F-actin staining, the cells were incubated with rhodamine-phalloidin (Invitrogen) for 10 minutes and stained with 4′-6-diamidino-2-phenylindole to detect the nuclei. Cells were observed and photographed using a light microscope (Carl Zeiss, Oberkochen, Germany).
Statistical analyses
SPSS version 23.0 software (IBM Corp., Armonk, USA) was used for the statistical analyses. The statistical significance of the studies was analyzed by independent-sample U tests in the miRNA expression levels between the poor or good prognosis samples or those with different expression in RT-qPCR. A p-value < 0.05 was considered significant. The square of the receiver operating characteristic(ROC) curve was calculated to make sure that the test was accurate and steady.
RESULTS
Clinicopathological features of DCIS and relationship with poor prognosis
The base line clinicopathological features of 316 patients with DCIS are presented in Supplementary Table 1 . During the 33-112-month follow-up (median, 64 months), 12 DCIS cases displayed local or distant recurrence. All these cases were middle or high nuclear grade. A higher grade of DCIS was associated with higher levels of invasion and higher recurrence risk than the low grade of DCIS. Tumor size was significantly larger in the high-grade group (p = 0.001). Detailed information is provided in Supplementary Table 2 .
Poor prognosis cases were significantly associated with larger tumor size and lymph node metastasis (both p < 0.001) ( Table 1 ). Univariate analysis revealed that tumor size, lymph node metastasis, and estrogen receptor-positive rate were associated with poor prognosis. Tumor size and lymph node metastasis were independent factors for poor prognosis (Supplementary Table 3 ).
Screening of progression-related microRNAs in DCIS and DCIS with microinvasion
To screen high-risk miRNAs associated with poor prognosis for DCIS patients, the miRCURY LNA™ microRNA array was used to examine FFPE samples from DCIS and DCIS-Mi patients. For the primary screening, the disease progressed at 65, 100, 91, and 81 months respectively after the initial surgery, with patients with good prognosis for control (Supplementary Table 4) . From the miRNA array analysis, 77 miRNAs were upregulated or downregulated by more than 1.5-fold (Figure 2) . Figure 2C shows a Volcano plot of the data. A scatter plot ( Figure 2D) showed that the result of the miRNA array was reproducible. A total of 66 miRNAs were screened out as primary candidate molecules for further validation.
Diverse prognostic microRNA patterns between DCIS and DCIS with microinvasion
To further confirm the potential candidates that promote DCIS or DCIS-Mi progression, a total of 16 pure DCIS and 22 DCIS-Mi samples were used for validation. After screening the initial 66 (only 66 of 77 candidates were commercially available) miRNAs, 5 differentially expressed miRNAs in patients with good or poor prognosis were selected from the DCIS samples by qPCR verification. The same procedure was performed on DCIS-Mi samples (Supplementary Table 5 ). Another 5 differentially expressed miRNAs were screened out, and were considered potential biomarkers of the promotion of progression. The identified miRNAs in the DCIS and DCIS-Mi groups were remarkably and totally different ( Table 4 , Figure 3A and B). Five candidate miRNAs that displayed statistical differences are listed Table 2 . The 5 were miRNA-654-5p (p = 0.048), miRNA-141-5P (p = 0.037), miRNA-767-5p (p = 0.027), miRNA-4507 (p = 0.042), and miRNA-7g-3p (p = 0.048) (Figure 3C and D) . Preliminary data revealed that the miRNA-654-5p levels were consistently upregulated in all metastasized samples compared with the non-metastasized samples ( Figure 4A) . A cluster analysis dendrogram classified the expression of miRNA-654-5p in patients with different prognoses ( Figure 4B ). The area under the ROC curve revealed the high sensitivity and specificity of the qPCR analysis (Supplementary Figure 1) .
miRNA-654-5p promotes motility in breast epithelial cells
Before a functional study, the endogenous expression of the candidate miRNA was tested in different breast cell lines including MCF-7 cells and T47D cells (human epidermal growth factor receptor 2-negative, estrogen receptor-positive, progesterone receptor-positive), MDA-MB-231 triple-negative breast cancer cells. MCF-10A non-tumorigenic epithelial cells were used as a normal cell control. miRNA-654-5p was downregulated in MCF-7, MDA-MB-231, and T47D cells ( Figure 5A) . https://ejbc.kr https://doi.org/10.4048/jbc.2019.22.e4
Screen Recurrence Related miRNA in Ductal Carcinoma in situ miRNA-654-5p expression was relatively extremely low in MDA-MB-231 cells, We transfected miRNA-654-5p mimics into MDA-MB-231 cell using Lipofectamine 3000 to explore their function in the breast cancer cells. The transfection efficiency and target gene expression data are presented in Figure 5B and C, respectively. A wound healing assay was used to examine the effects of miRNA-654-5p on the migration of MDA-MB-231 cells. miRNA-654-5p significantly increased cell migration in the treatment group compared with the control. The decreased area in the treatment group was significantly greater than that in the negative 
Screen Recurrence Related miRNA in Ductal Carcinoma in situ
Fold change control group after 24 hours (p < 0.05) ( Figure 5D ). After 48 hours, the area in the treatment group was obviously decreased ( Figure 5E ). Wound healing assays showed that treatment with miRNA-654-5p for 24 hours markedly increased the migration ability of MDA-MB-231 cells ( Figure 5F ).
To further confirm the function of miRNA-654-5p in migration, a Transwell assay was performed ( Figure 5G) . MDA-MB-231 cells transfected with miRNA-654-5p mimics or control plasmid were cultured in the upper wells. After 48 hours, more cells had migrated to the lower wells in the treatment group than in the negative group, which indicated that miRNA-654-5p obviously increased the migration ability of the MDA-MB-231 cells. Breast cancer cells transfected with miRNA-654-5p mimics displayed a significantly higher rate of metastasis than control cells (p < 0.05) (Figure 5H ).
miRNA-654-5p promotes tumor invasion and expression of metastasisrelated genes
To test the molecular effect of miRNA-654-5p on downstream genes in the breast cancer cells, we tested the expression of invasion-and metastasis-related genes in cells transfected with miRNA-654-5p. The expression of metastasis-associated genes was generally higher in the miRNA-654-5p overexpression group than in the negative control group (Figure 6A) . Snail and other invasion and metastasis-related genes, such as Vimentin, were upregulated at least 1.5-fold compared to the control group. At the same time, apoptosis-inhibiting genes and proliferation-promoting genes were also upregulated. These data were consistent with previous observations that miRNA-654-5p could promote metastasis and proliferation as well as inhibit apoptosis [11] .
Upregulation of miRNA-654-5p alters expression of metastasis-related proteins
We used western blotting to quantify the total proteins of MDA-MB-231 cells extracted after transfection of the miRNA-654-5p mimics after 72 hours. Expression of proteins related to metastases was altered. In particular, the expressions of Snail and Vimentin were upregulated and that of CDH1 was downregulated ( Figure 6B) . Snail, Vimentin, and CDH1 are marker proteins for the epithelial-mesenchymal transition (EMT), and are indicative of the migration of cells. Phalloidin staining was used to observe the cytoskeleton morphology; reduced cell polarity was observed in the experimental group with more looser mesenchymal structures (Figure 6C The decreased area in the treatment group was apparently more than that in the negative control group after 24 hours (p < 0.05). (G, H) The number of cells migrated to the lower wells in the treatment group were more than the negative group (H&E staining ×40, ×100, p < 0.05). cq = cycle quantification; NC = negative control.
DISCUSSION
DCIS is a preinvasive lesion that does not break through the basement membrane. Thus, distant metastasis or local recurrence is uncommon. However, these vents can occur and carry a poor prognosis. A recent investigative interests in patients with DCIS has been the cells' potential to invade and metastasize. DCIS might be a precursor of IDC. Furthermore, experimental data have shown that IDC precursor cells exist in DCIS lesions [5] .
miRNAs have good stability and long-term effects in vivo and are potential biomarkers that predicting different outcomes in DCIS. This predictive capability is partly due to their small size, abundance, stability, and easy detection. Previous studies identified several miRNAs associated with the poor survival of patients with breast cancer. These miRNAs promote proliferation, metastasis, and stemness or inhibit apoptosis. Early studies demonstrated that the loss of tumor suppressor miRNA-125b and the gain of the oncogenic miRNAs miRNA-182 and miRNA-183 might relate to early breast cancer development [9] . Chen et al. [12] studied miRNAs in eight normal, four atypical ductal hyperplasia, six DCIS and seven IDC samples; miRNA while miRNA-557 also had uniquely low expression in DCIS. Li et al. [13] showed, compared with the normal tissues, miRNA-10b, miRNA-125b, miRNA-132, miRNA-145, miRNA-154-3p, miRNA-382-5p, and miRNA-409-3p were significantly deregulated in DCIS. The miRNAs we screened in DCIS and DCIS-Mi patients having a poor prognosis were different, which indicated that miRNA may be expressed differently in different stages of the development and progression of breast cancer.
Some other miRNAs we screened were actually related to neoplasia or malignancy. miRNA-767-5p was previously reported to be expressed at a 15-fold higher rate in a prostate cancer cell line than in the normal prostate epithelial cell [14] . The cells would have a greater migratory ability in SK-HEP-1 cells with highly expressed miRNA-767-5p [15] . Previous studies have reported that the miRNAs we screened are related to cell oncogenesis or deleterious behavior. miRNA-141 is a member of the miRNA-200 family, whose downregulation leads to increased EMT by targeting ZEB1 and SIP1 [16] . Downregulation of miRNA-141 expression promotes breast cancer cell proliferation, migration, and invasion [17, 18] . No related data have been published concerning miRNA-7g-3p or miRNA-4507. As well, no report has addressed the effect of miRNA on the prognosis of DCIS patients. The expression of miRNA-654-5p is consistently upregulated in poor prognosis DCIS cases. It has been reported that miRNA-654-5p can be an inhibitor in prostate cancer that features decreased androgen-induced proliferation [19] . Downregulation miRNA-654-5p was also reportedly related with the classical Hodgkin lymphoma [20] . Upregulated miRNA-654-5p in late-stage oral squamous cell carcinoma has also been reportedly correlated with poor prognosis [11] . In that study, miRNA-654-5p activated Ras/mitogen-activated protein kinase signaling by targeting Grb-2-related adaptor protein and in the further promotion of the EMT process [11] . Another study demonstrated that miR-654-5p is a tumor suppressor in breast cancer by targeting EPSTI1. This gene is related to tumor cell proliferation, invasion, apoptosis and EMT [21] . Other genes have been predicted as the direct target of miRNA-654-5p by five computational tools (RDB, DIANA, TargetScan, miRTarbase, and microRNA.org). We found that the function of FGF19, Wnt11, CAMK2A, and TGFβ1 mainly focused on cancer promotion and cell adhesion. The present and previous findings support the suggestion that miRNA-654-5p is a key biomarker for DCIS and progression of other tumors.
The present findings differ from those of a previous study [21] . The previous study involved MB-468 and BT-549 cells, while we used MDA-MB-231 cells as our experimental cell line, which may explain the different results. Although the patients had already been diagnosed as having breast cancer, it was not clear that what kind of breast cancer they had, as different heterogeneous breast carcinomas display totally different signatures. The expression level of different miRNAs is distinct in invasive carcinoma and carcinoma in situ. Specifically, let-7d, miRNA-210, and miRNA-221 are downregulated in carcinoma in situ and upregulated in the invasive transition [22] . The collective results obtained to date indicate that the aberrant expression of miRNA-654-5p may differ in the different stages of breast cancer and may have various effects on breast cancer progression.
We had intended to explore the function of miRNA-654-5p in DCIS progression. The expression level of miRNA-654-5p was quite low in the MDA-MB-231 invasive carcinoma cell line, which is the reason we chose this cell line for the in vitro test. The cells in the experimental group had stronger migration ability than the control group, which proved that miRNA-654-5p could increase the capacity to metastasize.
Metastasis is the main cause for the poor prognosis in breast cancer, including DCIS. During metastasis, epithelial cells display decreased expression of epithelial markers (loss of epithelial keratins, CDH1) and acquired mesenchymal traits (upregulation of Vimentin and Snail) [23] . Snail and Vimentin were verified as being closely related to EMT and may be involved in the potential mechanism to promote metastasis [24] [25] [26] . Therefore, we quantified the EMT protein and identified that proteins were upregulated in miRNA-654-5p overexpressed cell lines. miRNA-654-5p may promote metastasis by targeting EMT-related proteins. The high expression level of Snail followed the upregulation of miRNA-654-5p, which suggests that this miRNA might promote metastasis by promoting EMT.
In a few words, the expression of miRNA-654-5p is significantly upregulated in DCIS patients having poor prognosis with the probable mechanism of EMT.
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